There has been a dramatic increase of deaths due to illicit fentanyl. We examined the pharmacology of fentanyl and reviewed data on the number of repeat doses of naloxone used to treat fentanyl overdoses. Multiple sequential doses of naloxone have been required in a certain percentage of opioid overdoses due to fentanyl. In addition, fentanyl appears to differ from other opioids as having a very rapid onset with high systemic levels found in overdose victims. A rapid competition is required by naloxone to out-compete large numbers of opioid receptors occupied by fentanyl in the CNS. Taken together, we propose that higher doses of naloxone are needed to combat the new era of overdoses due to the more potent synthetic opioids such as fentanyl.
Background
On April 5, 2018, the Surgeon General of the U. S Public Health Service took the unprecedented step of releasing a health advisory on urging the expansion of the use and access for naloxone, an opioid antagonist, to counter the ongoing opioid epidemic [1] . The Surgeon General's recommendation was the result of a culmination of epidemiological data suggesting a sizable and rapid increase in opioid related deaths in the United States, currently averaging 115 deaths daily [1] . New data released from the Centers for Disease Control (CDC) suggests a rise of almost 10% of deaths due to drug overdoses killing approximately 72,000 Americans, a record number in 2017. The death toll is higher than the peak yearly death totals from HIV, car crashes, or gun deaths [2] .
Indeed, the number of deaths due to opioids has dramatically increased over five-fold compared to 1999. Although the epidemiological data suggests that there may be rises in heroin and semisynthetic opioid use, the CDC has attributed the largest increase in deaths to illicitly manufactured synthetic opioids, such as fentanyl. This increase in opioid deaths has been described as the third wave, or the synthetic opioid era. This debate article will focus on a proposed higher dosing of naloxone in the new era of illicit potent synthetic opioids such as fentanyl.
Main text
The synthetic opioid era Opioid related deaths involve both men and women of all races and adults of nearly all age groups. Although opioid abuse has been a significant public health problem in the past, the recent dramatic rise of deaths appears to be related to the abundance of synthetic opioids. This novel problem requires alternative countermeasures to deal with the significant increase in deaths including a proposed increase in naloxone dosing. The abrupt increase in synthetic opioid deaths was further substantiated by an analysis that separated synthetic opioids, such as fentanyl, into a unique category during the years of 2013-2016. [3] . Overall, the analysis revealed an 87.7% increase in deaths associated with synthetic opioids. In contrast, death rates due to natural and semisynthetic opioids remained relatively stable. Another recent report examined 64,000 drug overdoses and found that the fentanyl was responsible for more unintentional deaths than any other drug (31%) [4] . Associated with this dramatic increase in synthetic opioid abuse are studies that have suggested that current recommended doses of naloxone may be inadequate in that frequent redosing is required. [5] [6] [7] . Prior to the new synthetic opioid era, community programs reported nearly 100% naloxone post administration survival rates with current approved doses of naloxone [8] . However, the continuing rise of illicitly manufactured potent fentanyl, and even more potent analogues such as carfentanil and furantyl fentanyl, has created new challenges for the adequate treatment of overdoses. This paper examines the factors that support the use of higher doses of naloxone as a new countermeasure to the ever-changing opioid crisis.
Pharmacology of naloxone
Naloxone is a synthetic derivative of oxymorphone that antagonizes opioids. It has been postulated to antagonize the three different opioid receptors in the brain (μ, k, and σ) [9] . The drug onset is related to its rapid entry into the brain, which is 12 to 15 times greater brain to serum ratio compared to morphine, primarily due to its high lipophilicity. The distribution half-life for naloxone has been reported to be 4.7 min while the elimination half-life averages 65 min. Naloxone competitively inhibits most opioids rapidly. Re-narconization is a phenomenon where reversal of opioid toxicity may occur but be short lived. The short duration of activity of naloxone may play a role in the re-narconization of some longer acting opioids which can result in reoccurrence of toxicity and respiratory depression. For example, in a study, 16 healthy volunteers received intravenous morphine at 0.15 mg/kg and were reversed with low dose of Naloxone (0.4 mg) [9] . Interestingly, there was a return to severe respiratory depression within 30 min. However, the issue of re-narconization may not be a major factor for shorter acting opioids such as fentanyl, as discussed later in this paper.
The reversal effects of naloxone on opioids is highly dependent not only on host factors, but also on the type of and the dose of opioid used [10] .
Host factors -metabolism and tolerance status
There are host factors that effect the metabolism of the opioids that impact on naloxone's ability to antagonize or reverse their central nervous system manifestations. For example, the genetically polymorphic CYP2D6 is a gene that encodes for the hepatic enzyme P450 2D6. Its expression plays a role in metabolizing most opioids and has been hypothesized to play a role in interindividual response to opioids [11] . Additionally, variants in the gene encoding for μ opioid receptor may alter substrate binding or gene function impacting on opioid metabolism.
Although poorly understood, there may be different pharmacokinetic handling of naloxone in opioid dependent versus non-opioid dependent individuals. In animals, an inverse relationship was observed between physical dependence and the amount of naloxone required to elicit withdrawal jumping in mice [12] . Additionally, Fishman found that the initial plasma concentration of naloxone was 20% higher in narcotic free subjects [9] . Each opioid has different characteristics that includes μ binding affinity and the lipophilicity.
Dose of naloxone for reversal of opioids
For naloxone, the relationship between dose of agonist and antagonist has been demonstrated in animals [13] . The dose of naloxone required for reversal compared to the dose of three opioids was compared in mice (morphine, levorphanol, and pentazocine). The higher the dose of the opioid agonist administered, the greater the dose of the naloxone needed to reverse the opioid effects on the Central Nervous System (CNS) (particularly respiratory depression).
Animal models and studies in humans support the use of higher doses of naloxone for reversal of opioid overdoses involving synthetic opioids. For example, small animal models suggest lack of clinical reversal may occur with fentanyl analogues at doses which previously reversed morphine toxicity [14] . Furthermore, animal models also suggest that the reversal of fentanyl toxicity by naloxone is dose dependent [15] . In a study of naloxone dose in beagle dogs, a 160 μg /kg i.m. naloxone regimen resulted in a nearly threefold lower odds of sedation than that of the 40 μg/ kg i.m. naloxone regimen (P < 0.05). Similarly, Brown et al. examined the effects of naloxone on the respiratory effects of fentanyl and alfentanil in rabbits [16] . These experiments revealed a dose dependent response for naloxone's reversal of respiratory depression with 10 μg /kg i.m. resulting in greater normalization of lung minute volume due to fentanyl and alfentanil compared to with 5 μg /kg i.m. Similarly, the naloxone dose dependent response for reversal of fentanyl's respiratory depression has been demonstrated in humans undergoing anesthesia [17] . The existence of naloxone resistance in animal models and dose response for reversal of fentanyl toxicity observed in animals and humans further supports the need for higher doses of naloxone not currently available.
The doses of opioids in the current era of synthetic opioids appear to be very high and clearly reaching levels which result in rapid respiratory depression and death. The high systemic levels of fentanyl found in overdoses (see Fentanyl section) supports the proposal that higher doses of naloxone are needed to adequately compete at opioid receptor binding sites.
Opioid withdrawal syndromes with naloxone
One of the major concerns of naloxone treatment of opioid overdose is acute opioid withdrawal syndrome (OWS). The clinical effects observed in OWS due to excessive or overly rapid reversal of opioid overdose includes vomiting, seizure, delirium, and agitation [18] . OWS is more likely to occur if there is tolerance and habitual use of opioids. Although uncommon, life threatening hemodynamic adverse events thought to be due to a surge on OWS can occur, including hypertensive emergency, Acute Respiratory Distress Syndrome, ventricular tachycardia, ventricular fibrillation, and sudden death. However, there is no published information on the incidence of OWS in new synthetic opioid cases sometimes requiring multiple doses of naloxone. Thus, the risk appears to be low of OWS by increasing the doses to the levels proposed below.
Opioid lipophilicity
Morphine has different receptor binding and lipophilicity profiles compare to fentanyl [17] , but interestingly, morphine has similar receptor binding affinity (1.168 nM) to the μ receptor compared with fentanyl (1.346 nM). However, fentanyl (4.28 log P) is more lipophilic than morphine (1.07log P). In general, the analgesic onset of I.V. morphine is 6 min with a duration of 96 min. In contrast, due to its lipophilicity, fentanyl's relative onset for I.V. administration is 2 min with a duration of action of less than 10 min [19] . The greater lipophilicity and potency of fentanyl will be discussed later, suggesting that it is a significant factor in supporting the need for higher doses of naloxone in treating fentanyl overdoses.
Pharmacology of fentanyl
Fentanyl was first synthesized in 1960 by the Belgian company Janssen Pharmaceuticals in a search for an effective rapid-acting analgesic with high potency [20] . At the time, fentanyl was 100 to 200 times more potent than morphine in animal models. In addition, fentanyl had the fastest onset of action, and the highest therapeutic index [21] . Morphine is usually thought of as a long acting analgesic while fentanyl is considered short acting. Because morphine is not very lipid soluble, it takes a longer period of time to cross into the cellular lipid barrier of the brain (blood brain barrier). Thus, morphine's onset is longer. Morphine has a longer duration of action compared to fentanyl due to the longer time exiting the central nervous system (CNS) [22] . Fentanyl and morphine have similar affinities for the mμ receptor (1.346uM and 1.168uM respectively [18] as discussed previously. The longer duration and onset of morphine has been described as "slow in slow out" in contrast to fentanyl, which has been described as "fast in fast out". Fentanyl and heroin injections have very similar half-life's (3-7 h) [8] . However, in the CNS heroin is converted to morphine which is less lipophilic and is retained in the CNS for a longer duration of action like morphine. Fentanyl, in contrast, is persistently lipophilic and thus has a shorter duration (30-60 min) due to its rapid exit from the CNS.
The onset of fentanyl and peak plasma levels are also dependent on the dosage and the type of delivery. Analgesia can occur within minutes of an intravenous delivery, in contrast to intranasal delivery which takes 5 to 10 min for pain relief [21] . Once again, the half-life of fentanyl is not consistent with its rapid and short duration of action due to its persistent lipophilicity in the CNS. Analgesia may be achieved with plasma levels of fentanyl as low as 0.2 ng/ml in opioid naïve patients, but higher levels are needed in opioid tolerant patients since fentanyl is metabolized by the cytochrome P450 system. Interactions can occur when used concomitantly with drugs that effect this isoenzyme system.
Fentanyl has become one of the most widely used opioids for the management of pain and is available for administration intravenously, transdermally and transmucosally [22] . Fentanyl, like morphine and other opioids, produces fatigue, sedation, nausea, vomiting, dizziness, bradycardia, respiratory depression, apnea, unconsciousness and death at higher doses due to μ opioid receptor stimulation [16] . Numerous analogues of fentanyl have been synthesized, including carfentanil and lofentanil, which are reported to be 100 times more potent than fentanyl [23] .
Fentanyl is a commonly used anesthetic agent manufactured by pharmaceutical companies world-wide. A major source of illicit fentanyl in the US and Canada comes from laboratories in China [20] . Fentanyl is also manufactured illegally in Mexico and smuggled into the U.S. Illicit fentanyl is made into different forms including powder for injection, smoking, inhalation and tablets. Fentanyl can be mixed with heroin or cocaine to increase its potency [16] . It can also be mixed in tablets with oxycodone or alprazalom. Recent reported fatal systemic blood levels of fentanyl range from 0.5 to 162 ng/ ml [24] [25] [26] . The reported EC50 (half maximum effective concentration) values for respiratory suppression with fentanyl have been reported to be 3.5+ 1.4 ng/ml [27] . High systemic levels of fentanyl have been documented in the synthetic opioid era as described above. The combination of high levels of fentanyl, the greater penetration into the CNS, and the rapidity of the reported overdoses, supports the hypothesis that higher doses of naloxone are needed in the new synthetic opioid era in order to out-compete the large number of opioid receptors occupied by fentanyl.
Reversal of morphine and buprenorphine induced respiratory symptoms with naloxone
Few studies have examined the appropriate dose of naloxone after exposure to opioids. Heishman, et al., however, examined the effects of i.m. naloxone 6 h after a single i.m. injection of morphine (30 mg/70 kg) in six subjects with a history of chronic opioid use [28] . The degree of reversal of the morphine effects was dose related up to 10 mg naloxone intra-muscular for a 70 kg subject with no additional reversal at the 30 mg dose. Withdrawal symptoms were also dose related up to the 30 mg dose. However, withdrawal symptoms were not significantly different from baseline below the 10 mg dose. Similarly, Gal, et al. examined 1, 5, and 10 mg of naloxone intravenously in its ability to reverse buprenorphine intravenous induced respiratory depression in a single blind study [29] . Buprenorphine is a partial opioid receptor agonist. Complete reversal of opioid effects was noted at the 5 mg and 10 mg doses.
Morphine and buprenorphine are indeed different than fentanyl, which has greater lipophilicity.
Multiple doses of naloxone in the synthetic opioid era
There are numerous studies suggesting that multiple sequential doses of naloxone have been needed for clinical reversal in the new synthetic opioid era. Faul, et al. looked at emergency medical providers from 2012 to 2015 using the National Emergency Service Information System and found that the percentage of patients receiving multiple sequential naloxone treatments increased from 14.5% in 2012 to 18.2% in 2015 [30] . The authors concluded that the increase in multiple dose naloxone indicates the prevalence of higher potency opioids. Klebacher, et al. examined the incidence of intranasal naloxone redosing in New Jersey Emergency Medical system from 2014 to 2016 [31] . This study found that the incidence of requiring a second dose of naloxone in response to an opioid overdose was 9%, with a 2% rate requiring a third dose. Marco, et al. looked at emergency department patients with opioid overdoses from 2016 to 2017 and found that the total number of naloxone dose was variable with a median from 4 to 8 mg doses required [32] . Most of these patients examined had a history of multiple overdoses. What is particularly interesting is that there was a significant negative correlation between dose and age with higher doses required in younger patients 20-30 years of age, suggesting the potential for access to the more potent synthetic opioids. Lastly, Sommerville, et al. reported characteristics of fentanyl overdose in Massachusetts from 2014 to 2016 [7] . This study reported 83% of patients required greater than 2 naloxone doses (usually nasal 2 mg/2 ml) in suspected fentanyl cases before a response was observed. However, for those fatal deaths, 36% had evidence of an overdose within seconds to minutes after drug use. Ninety percent were pulseless upon EMS arrival. The rapidity of drug overdoses due to fentanyl is particularly concerning and makes titrating naloxone very difficult. Although the dosing and type of naloxone administered in these studies in not clear, multiple doses of naloxone appears to be required. Perhaps the use of multiple doses of naloxone is due to the widespread misuse of fentanyl and its greater penetration into the CNS. The need for multiple doses of naloxone in fentanyl related opioid deaths may suggest that the initial reversal response with current dose of naloxone is inadequate. This is particularly true when high doses of potent synthetic opioids have been abused. Therefore, higher doses of naloxone are required as early as possible to out-compete the opioid binding sites occupied by fentanyl.
As we noted previously, with the sharp rise in deaths, the advent of new illicit synthetic opioids has created a new challenge in increasing opioid reversal success with naloxone. Re-narconization can result with some opioids requiring additional doses of naloxone due to their longer duration of action. However, fentanyl has a short duration of action and the studies documenting redosing have failed to report re-narconization. Therefore, it is conceivable that the need for redosing of naloxone is more likely due to the need for higher doses to compete with the higher doses and distribution of the fentanyl, rather than re-narconization.
Taken together, these studies suggest that higher doses of naloxone may provide a reasonable balance between therapeutic reversal effects and withdrawal symptoms in the new synthetic opioid era.
Prospects for harm reduction with higher doses of naloxone in the new synthetic opioid era
The qualitative and quantitative characteristics of fentanyl and its analogues suggest that higher doses of naloxone are needed to combat this new era of overdoses. There are many reasons why higher doses of naloxone are needed in the current shifting epidemic with fentanyl use being a significant factor in the increasing morbidity and mortality from opioid abuse. Higher doses of naloxone should provide a public health need that is currently not fulfilled by the current doses of naloxone based on a number of supporting evidence which has been reviewed in this paper including: 1) Published data documenting the sequential use of naloxone doses often requiring 2 or more doses to treat fentanyl overdose, 2) The greater lipophilicity and high systemic levels observed in fentanyl which explains the rapid toxic effects seen with this class of opioids, 3) Animals models involving fentanyl or analogues which suggest naloxone resistance for doses that previously reversed non-fentanyl overdoses, 4) Additional animal data suggesting the reversal of fentanyl toxicity by naloxone is dose dependent, and 5) The changes in opioid use suggesting that fentanyl is now the leading causes of death compared to other types of opioids.
Taken together, it is likely that higher doses of naloxone are needed to exceed the threshold concentrations of fentanyl at the mμ opioid receptor level in the CNS (see Fig. 1 ). In additional to fentanyl, more potent analogues such as carfentanil and lofentanil may require even higher doses of naloxone, as animal models suggest naloxone resistance may occur at doses which previously reversed morphine effects [33] .
Currently, the highest doses of naloxone which are available for self-administration are 2 mg intramuscular (Evzio) and 4 mg intranasal product (Narcan) in the U.S. They are thought to be equivalent in terms of bioavailability [34] . Redosing is recommended as clinically indicated with no limitations and can be given every 2 to 3 min as needed [35] . It appears that in many cases of fentanyl overdoses, titrating the proper naloxone dose may not be feasible for rapid reversal and particularly for self and layperson administration where only one dose may be administered. Previously, the recommended dose of naloxone to treat opioid overdose was increased empirically by an FDA advisory committee (October 5, 2016) in the U.S. [36] as clinical studies are not feasible. After this meeting (October 19, 2016), the label dose for intramuscular naloxone increased from 0.4 mg to 2 mg [37]. This represented a five-fold increase from the previous recommended dose of naloxone.
An increased dose of naloxone can similarly be empirically determined for the new illicit more potent opioids. Based on the epidemiological data requiring sequential repeat dosing of naloxone, as well as the increased potency of fentanyl, it is reasonable to propose a range of increased doses of naloxone to 4-6 mg intramuscular or the intranasal equivalent of 8 to 12 mg. This approximates increases of 2-3 fold from the current recommended doses. This increased dose would be particularly important for layperson or self-administration where naloxone titration would not be feasible. Currently, the use of naloxone for self-administration may be limited due to access issues that may be overcome with OTC products. Because of the more rapid and potent opioids, the benefit of adequately reversing opioid toxicity outweighs the risk of opioid withdrawal syndrome. In summary, this debate paper supports a new approach that proposes to increase the dose of intramuscular naloxone to better reverse opioid intoxication, due to the unique characteristics of synthetic opioids.
Conclusions
The concern remains that in the current opioid epidemic, without higher doses of naloxone, the risk of inadequate reversal of the opioid toxicity far exceeds the risk of over antagonizing the respiratory depression and precipitating opioid withdrawal syndrome [38] . Administering higher doses of naloxone, particularly for self or layperson administration, may be a simple countermeasure that can be initiated rapidly in an attempt to lower the morbidity and mortality in the new opioid era. 
